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ABSTRACT 
Highly purified  mitochondrial ribosomes  (mitorlbosomes) have been obtained  from the 
yeast Candida utilis. Sedimentation analysis in sucrose gradients made in 5 mM MgCI2,1 mM 
Tris, pH 7.4 and 50 mM KC1 clearly distinguishes mitoribosomes (72S)  from cytoplasmic 
ribosomes (cytoribosomes)  (78S).  Mitoribosomes are  completely dissociated into 50S  and 
36S subunits at 10  -4 M MgC12 whereas complete dissociation of cytombosomes into 61S and 
37S  subunits occurs  only at  l0  -6 M MgC12  Electron microscopy of  negatively stained 
mitoribosomes (72S peak) shows bipartite profiles, about 265  X 210 X 200 A  Characteristic 
views are interpreted as frontal, dorsal, and lateral projections of the particles, the latter is 
observed in two enantiomorphic  forms  Mltoribosome 50S subunits display rounded profiles 
bearing a conspicuous knoblike projection, reminiscent of the large bacterial subunit. The 
36S  subunits show  a  variety of angular profiles.  Mitoribosomal subunits are  subject to 
artifactual dimerization at high  Mg  2+  concentration  Under these  conditions, a  supple- 
mentary 80S peak arises.  Electron microscopic observation of the 80S peak reveals closely 
paired particles of the 50S type  Buoyant density determinations after glutaraldehyde fixa- 
tion show a single peak at p  =  1.48 for mitoribosomes and 1.53 for cytoribosomes  In the 
presence of ethylenediaminetetraacetate (EDTA), two species of RNA, 21S  and I6S, are 
obtained from mitoribosomes, while 25S and 17S RNA are obtained from cytoribosomes 
It is established that the small and large RNA species are derived from the 36S and 50S 
subunits, respectively, by extraction of the RNA from each subunit The G  A- C content of 
the RNA is lower for mitoribosomes (33 %) than for cytoribosomes (50%). Incubation of C 
ut~lis mitochondria with leucine-14C results in the labeling of 72S mitoribosomes. The leu- 
cineJ4C  incorporation is  inhibited by  chloramphenicol and resistant to  cycloheximide 
Puromycin strips the incorporated radioactivity from the 72S mitoribosomes, which is con- 
sistent with the view that leucineJ4C is incorporated into nascent polypeptide chains at the 
level of mitoribosomes 
INTRODUCTION 
A  considerable  amount  of  information suggests 
that  mitochondrial  ribosomes  (mitoribosomes) 
are present in a variety of cell types as an integral 
part  of  the  machinery  for  protein  synthesis  in 
mitochondria (see reviews in Swift  and Wolsten- 
holme,  1969;  Rabinowitz  and  Swift  1970; 
Ashwell  and  Work,  1970 a;  Borst  and  Grivell, 
1971).  Investigations  into  the  functioning  of 
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repose  upon  a  complete  characterization  of  the 
mitoribosome  itself  To  date,  however,  physico- 
chemical studies of mitoribosomes from unicellular 
orgamsms and higher plants and animals indicate 
an important degree of variability, notably in the 
size of the monomer and its subunits and in sedi- 
mentation values of the ribosomal RNA molecules. 
While some of the discrepancies can be attributed 
to  differences in techniques, it must  be admitted 
that  many  reliable  data  show  that  a  true  vari- 
abihty does indeed exist 
Among  the  different  organisms  studied,  the 
mitoribosomes from  several fungi  appear to  con- 
stitute a  fairly homogeneous group.  For instance, 
it  is  clear  that  some  features,  such  as  the  size 
(Borst  and  Griveli,  1971),  tend  to  distinguish 
them  from  mammalian  mitoribosomes.  In  addi- 
Uon, unhke the scattered distribution of ribosomes 
in  mitochondrm of mammalian  cells  (Andr6 and 
Marinozzi,  1965),  earlier  observations  (Vignais 
etal., 1969) had demonstrated that mitoribosomes 
in  yeast  are  numerous  and  display  a  unique 
polysome-like arrangement along the inner surface 
of  the  inner  mitochondrial  membrane.  This  ob- 
servation, which has been confirmed by Stegeman 
et al.  (1970), points to a  high degree of organiza- 
tion  of  the  protein  synthesis  machinery  in  yeast 
mltochondria and suggests this as a  suitable system 
for  studying  protein  synthesis  in  mltochondria. 
Therefore,  we  have endeavored the isolation and 
purification  of mitoribosomes  as  free  as  possible 
from contaminating cytoplasmic mbosomes  (cyto- 
ribosomes)  This  paper  presents  a  study  of  the 
specific characters in the yeast Can&da utdzs which 
allow  a  clear  differentiation of isolated  mitoribo- 
somes from their cytoplasmic counterparts 
Our  results  indicate  that  mitoribosomes  and 
cytoribosomes  isolated  from  C.  utihs  differ  in 
physical  properties  such  as  the  sedimentation 
coefficient, the buoyant density,  and the suscepti- 
bility  to  dissociation  into  subunits,  in  chemical 
properties  relevant  to  the  molecular  weight  and 
the  nucleotide  composition  of  their  respective 
RNA species, and finally in their shape as revealed 
by the electron microscope.  In addition, attention 
has  been  paid  to  the  artifactual  dimerization  of 
mitoribosomal  subunits  which  may  account  for 
accumulation,  under  certain  conditions,  of  a 
puzzling  80S  particle  reported  several  times 
(Schmitt,  I969,  1970;  Vignais  et  al,  1969; 
Morimoto and Halvorson,  197I). 
MATERIALS  AND  METHODS 
Preparation a~d  Sedimentation  of Ribosomes 
c. 7~t~l~j (strain CBS  1516) was grown for  18 hr at 
25°C under forced aeration in fermentor jars contain- 
ing  10 liters of a  medium made of 1% yeast extract, 
2%  peptone,  and  1.5%  glucose.  When  necessary, 
labehng of nucleic acids by t4C or  a2p was achieved 
by growing  the  cells in  the  above  medium  supple- 
mented  with  either  uracil-14C  or  inorgamc  phos- 
pha~e-a2P. RIitochondria were extracted from cells by 
mechanical treatment and prepared as described bv 
Mattoon  and  Sherman  (1966).  All  operauons  were 
carried out at 2°-4°C. Mltoribosomes were freed from 
the isolated mitochondria by lvsis of the  mltochon- 
drlal membranes with sodium deoxycholate (DOC).I 
In standard conditions, which allow the preferen- 
tim accumulation of the monomer form of ribosomes, 
60-100 mg of yeast mitoehondria were suspended in 
7.5 ml of 10 m~ MgC12 and  10 m•  Tris-HC1 buffer, 
pH  7.4.  Then  3.0-5.0  ml  of  1% DOC  were  added 
dropwise  (to reach a  ratio of DOC to mitochondrial 
proteins [w/w] equal to 0.5) and the final volume was 
adjusted to 15 ml with distilled water. After standing 
for 10 mln, the preparation was centrifuged at 20,000 
rpm for 20 min (Spinco SW 50 rotor, Beckman Instru- 
ments, Inc., Spinco Div.,  Palo Alto, Calif).  The re- 
suiting supernatant fluid was spun at 48,000 rpm for 
60 rain in the same rotor. The ribosomal pellet recov- 
ered at this stage was rinsed three times with 5 ml of 
5  m~ MgCI2,  1 m~ Tris-HC1,  pH  7 4,  50  mM  KCI 
(standard MTK  medmm)  and finally suspended  in 
0.4 ml of the same medmm. After a clarifying spin at 
2,000 g for 15 rain, a sample fraction of 0.1 ml (corre- 
sponding to an optical absorbancy of 8-10 at 260 nm) 
was layered on a linear 5-20% sucrose gradmnt made 
in MTK  medium and the tubes were centrifuged for 
90 min at 40,000 rpm (Beckman S~¢V 50 rotor). After 
centrifugation the contents of the tubes were pumped 
through a  1 mm flow cell of a LKB Uvicord (Labor- 
atorie och Kermkahska Produkter,  Stockhohn)  con- 
nected to a Varian recorder (Varmn Assoeiates~  Palo 
Alto, Calif.) to monitor continuously the absorbance 
at 254 nm. 
Postmitochondrial extracts to be used for isolation 
of eytoribosomes  were  first freed  from contaminant 
mitochondrial fragments by centrifugation at 20,000 
rpm for 20 rain in a  Beckman Spinco 30 rotor.  The 
supernatant fluid was then centrifuged at 30,000 rpm 
for 2  hr in  the same rotor.  The pellet consisting of 
1 Abbreviations used in this paper: BSA~ bovine serum 
albumin; DOC, sodium deoxycholate; EDTA,  ethyl- 
enedmminetetraacetate; SDS, sodium dodecyl sulfate; 
standard  MTK  medium,  medium  made  of  5  mM 
1VlgC12, 1 rr~ Tris-HCl,  pH 7.4, 50  m~ KC1, TCA, 
trichloroacetic acid. 
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and treated by DOG as described for the preparation 
of mitoribosomes, except that the weight ratio of  DOG 
to protein was  2  instead of 0 5.  Cytoribosomes were 
re~uspended in MTK  medium and  their sedimenta- 
tion pattern in sucrose was determined in parallel  to 
that of mitorlbosomes. 
The  sedimentation  coefficients  of  mitoribosomes 
and cytoribosomes were calculated by calibration  of 
the  gradients  with  the  81S  cytoribosomes  isolated 
from rat li~er  (Kimtzel and Noll,  1967) 
Electron Microscopy 
Fragments  of mitochondrial  pellets were  fixed in 
1% glutaraldehyde in 0.1 M sodium phosphate buffer, 
pH 7.2, rinsed in buffer, and postfixed in 2~o osmium 
tetroxide in the same buffer solution. After dehydra- 
tion in ethanol and embedding in Epon, thin sections 
of the isolated mitochondria were stained with a 5% 
aqueous  solution  of uranyl  acetate followed by lead 
citrate. 
Negative staining was carried out on unfixed ribo- 
somal particles. A  small drop of the ribosome suspen- 
sion was placed with the aid of a  platinum wire loop 
on  a  300  mesh  grid  covered  with  a  carbon-coated 
Formvar film. The grid was rinsed and excess liquid 
was  withdrawn  with  filter  paper.  "Without allowing 
the grid to dry, a drop of a  2 ~o solution of uranyl ace- 
tate at pH 4-4.5 was placed on the grid and removed 
with filter paper after  15-30 sec. 
Micrographs were taken with a  Siemens ElmJskop 
IA electron microscope operating at 80 kv. An orig- 
inal magnification of about 60,000 was used for nega- 
tively stained  material.  The  magnification was cali- 
brated  daily  using a  grating  replica.  Measurements 
of particles were made  on  photographic prints at  a 
magnification  of  300,000  Generally,  50  measure- 
ments were averaged for each type of particle 
Isopycnic Banding in CsCl 
The buoyant densities of mitoribosomes and cyto- 
ribosomes were determined by ccntrifugation on CsCI 
gradients  as  described  by  Perry  and  Kelley  (1966) 
after fixation of the particles with glutaraldehyde  as 
reported by Baltimore and  Huang  (1968).  To  assess 
more precisely the position of ribosomes in the gradi- 
ents,  the  CsC1  banding  profiles were  monitored  by 
both absorbancy and radioactivity. For this purpose, 
uracil-2-14C  (58  mCi/mmole,  obtained  from  the 
Commissariat ~t l'Energie Atomique, Saclay, France) 
was  used  to  label  the ribosomes. Labeled ribosomes 
were obtained from yeast cells grown in the presence 
of 0.1  mCi  of uracil-2-14C  per liter of  medium  and 
prepared under  the above  mentioned standard  con- 
ditions,  which  allow  accumulation  of  monosomes. 
Ribosomes were treated with neutralized glutaralde- 
hyde  at  a  final  concentration  of 6~0.  The  mixture 
was kept at 4°C for  12 hr before being layered with- 
out dialysis onto preformed CsCI gradients. The pre- 
formed  gradients  were  obtained  essentially  as  de- 
scribed by Brunk  and Leick  (1969)  by layering in  5 
ml Lucite tubes successively 2.75 g  of CsC1 in 2.5 ml 
of 10 mm MgC12,  10 m~ Tris-HCl,  pH  7.4,  and  1.42 
g  of CsC1 in 2 5  ml of the same medium and centri- 
fuging at 35,000 rpm for 30 hr at 4°C (Beckman SW 
39  rotor).  The  equilibrium  centrifugation  of  the 
glutaraldehyde-fixed  ribosomes  was  achieved  by 
spinning them through the preformed CsC1 gradient 
at  35.000  rpm for  10  hr  at  4°C  (Beckman  SW  39 
rotor). After centrifugation, the contents of the tubes 
were analyzed for absorbancy and collected into frac- 
tions of 0.13 ml. Refractive indices were measured on 
20  ~1  samples with an  Abbe refractometer at 25°C 
Densities were calculated from refractive indices using 
the relationship given by Ifft et al.  (1961 ). Samples of 
100/zl were diluted with 3  ml water and counted by 
liquid  scintillation  counting  (Unilux  II,  Nuclear 
Chicago, Des Plaines, Ill ). 
Isolation of Ribosomal RNA 
In some experiments, RNA was directly extracted 
from  mitoribosomes or  cytoribosomes,  according  to 
Wilson and Quincey  (1969).  Ribosomes correspond- 
ing to 20 nag of ribosomal protein in 0.5 ml of MTK 
medium  were  mixed  with  7  ml  of  2.5%  sodium 
dodecyl sulfate (SDS), 0.3 ~t NaCI,  0.01  ~  Tris-HCl, 
pH 7 4, 0.001 M ZnC1.o, and 20 mg of bentonite. 20 ml 
of water-saturated  phenot containing 0.1%  of 8-hy- 
droxyquinoline  were  added  and  the  mixture  was 
shaken at 4°C for  15 rain and centrifuged at 2,000 g 
for 5  rain.  The  aqueous layer was pipetted out  and 
the phenol extraction was repeated twice.  Traces  of 
phenol remaining in the aqueous layer were extracted 
by ether and finally ether was removed by bubbhng 
air  The RNA preparation was layered on linear 5- 
20%  sucrose gradients  and  the  different species  of 
ribosomal RNA were separated by centrlfugation for 
5  hr at 40,000 rpm  (Beckman Spinco SW 50 rotor) 
As  an  alternative  procedure,  essentially  used  to 
recover the respective RNA species from each mitori- 
bosomal subunit, the subunits were treated with SDS 
at a final concentration of  2 %  as described by Kfintzel 
and Noll  (1967)  and the lysate was immediately cen- 
trifuged for 5 hr at 40,000 rpm through hnear sucrose 
gradients in  the presence of diethylpyrocarbonate,  a 
reagent known  to inhibit ribonuclease  (Solymosy et 
al., 1968). After centrifugation, the RNA profiles were 
analyzed  by  monitoring  absorbancy  and  fractions 
were collected for radioactivity determination. 
Base Composition of Ribosomal RNA 
a2p-labeled  RNA  was  used  for  base  composition 
analysis  and  obtained  from  yeast  cells  grown  in  a 
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phate-aSP (2 taCt per liter of medium). Radioactive 
RNA  species  were  separated  by  eeutrffugation  on 
linear 5-20% sucrose gradients. After fractmnation of 
the gradients with optical monitoring, the peaks cor- 
responding to  each  RNA  species were  pooled  and 
RNA was precipitated with 3 vol  of ethanol and  0 1 
vol  of 1 M potassium acetate  When the amount  of 
3~P-labeled  RNA  was  too  small,  yeast  RNA  was 
added as a carrier. The RNA precipitate was hydro- 
lyzed m  0 3 M KOH for 18 hr at 30°C  (Rawson and 
Stutz, 1969). The mononueleotides  were separated by 
paper chromatography (Du~e,  1968).  The areas cor- 
responding to cytidine monophosphate (CMP), gua- 
nosme  monophosphate  (GMP),  uridine  monophos- 
phate (UMP), and adenosine monophosphate (AMP) 
were located under ultraviolet hght and cut out from 
the  paper  sheets.  Their  radioactivity  was  counted 
with a thin-window gas-flow counter (Intertechnique 
type RA15, Paris). 
Incorporation of z-Leucine-~C 
by M itochondria 
Uniformly labeled L-leucme-14C  (129 mC1/mmole) 
was obtamed from the CEA (Saclay)  Theleucme-i4C 
incorporatmn was assayed essentialIy as described by 
Lamb et al. (1968),  m a medium with an ATP-regen- 
crating system (as detailed in thelegend of Table I II). 
To minimize bactemal contaminatmn, the incubation 
medium was filtered through a 0.22 tt l~llthpore mem- 
brane  (Milhpore Corp., Bedford, Mass )  Glassware 
was  sterilized  by  autoclaving.  Furthermore,  mito- 
chondria were used Immediately after isolation. As- 
says for vtable bacteria were made at the end of each 
incubation by plating 0 2 ml samples of the medium 
on nutrient agar in four differem dilutions and incu- 
bating for 3 days at 25°C. 
When leucme-l~C incorporatmn was to be dtrectlv 
analyzed in whole m~tochondria, the incubation was 
ended by addition of a mixture of trmhloroacetic acid 
(TCA) and ethanol (7% TCA m  33% ethanol), 5 mi 
of this  mixture bemg added  to  1 ml  of incubation 
medmm containing from 2 to 5 mg of mitochondmal 
protein. After centrifugation, the mltochondrial pellet 
was homogenized in 2 ml of 1 ~ NaOH containing 1 
mg of unlabeled Ieucme per ml. After standing for 30 
rain at 37 °C~ proteins were again precipitated by 5 ml 
of the TCA-ethanol mixture, then washed with 5 ml 
of acetone, 5 ml ofa 3  1 (v/v) mixture of ethanol and 
ether,  and  5  mi  of  ether.  The  pellet  was  finally 
digested by formamide at 180°C and its radioactivity 
was estimated by Iiqmd scinnllation counting. 
In some experiments, which were designed to detect 
nascent  14C  polypeptide  chains  on  mitoribosomal 
particleq, mltoehondna after incubation wtth leucine- 
1~C  were  collected by  eentrifugation,  washed  with 
0 65  M mannitol, and lysed by DOC  The ribosome 
profile was analyzed by sucrose gradient centrffaga- 
Uon as described above. 
RESULTS 
Mitoribosomes In Situ 
An example of a  preparauon  of isolated mito- 
chondrta from  C  utzhs viewed in  thin  section is 
shown in Fig  1,  contamination with cvtoplasmic 
ribosomes  or  cytoplasmic  membranes  ~s  very 
limited  if  not  absent  Striking  arrays  of  ribo- 
somal  particles  are  revealed  within  the  mlto- 
chondna  The  parucles  are  numerous  and  they 
appear  to  be  preferentially  arranged  along  the 
surfaces  of  the  tuner  membrane  and  the  mere- 
branes of the cnstae facing the mamx  In sections 
grazing the inner membrane, ribosomal particles 
appear  aligned  in  whorls and  curved  or  circular 
formatmns  characteristic  of  polysomes.  Align- 
ments containing up  to  l0 or  12  particles can be 
observed, others containing 6  to  8  are  frequent 
Occasionally,  a  faint  line  evoking  messenger 
RNA,  can  be  discerned  between  neighboring 
parUcles (Fig  2). Diameters of the mitochondrial 
ribosomes are  about  130  A  and  closely approach 
those observed for yeast cytoribosomes  m  sectioned 
material. 
Sedimentation Pattern  of Mitoribosornes  and 
Cytoribosomes  under Standard Conditions 
As  shown in  experiments presented in  Figs  3 
and  12,  the  sedimentation properties of C.  uttlz~ 
ribosomes depend on  two critical factors:  (a)  the 
amount  of DOC  added  to  the  mltochondnai or 
mmrosomal  fraction  to  free  the  ribosomes,  (b) 
the  Mg  ~+  concentration and,  in  a  more  general 
way,  the ratio  of the monovalent to  the divalent 
ion concentraUons present in the sucrose gradmnt 
In this work, standard condzt~ons refer to a  DOC  to 
protein  ratio  of 0 5  (w/w)  and  to  linear  5-20% 
sucrose gradients  made  in  5  mM  MgCI~,  1  mM 
Tris-HC1, pH 7~4, and 50 mM KCI. 
Mltonbosomes  and  cytoribosomes  prepared 
and  cenmfuged under  standard  conditions each 
exhibit one major component sedimentmg at 72S 
and 78S, respectively (Figs  3  A  and  C).  Criteria 
for ascribing the  72S  peak to  the monomer form 
of mitoribosomes will be discussed later. 
Deviauon from the standard conditions severely 
alters  the  sedimentation  properties  of  mitorlbo- 
somes. For instance, enhancing the DOC to protein 
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C.  utilis  showing  numerous  mitoribosomes  arranged 
along the cristae and inner membrane sm'faces. Many 
mitoribosomes appear in whorls characteristic of poly- 
somes.  Arrows point to grazing sections of mitochon- 
dna;  polysomes  are  particularly  evident  here.  Con- 
tamination by nonmitochondrial matel~al is negligible 
X  25,000. 
F~GXYRE 2  Mitochondrial polysomes in which a  dense 
hne  can  be  observed between  neighboring mitoribo- 
somes (arrows).  X  145,000. 
ratio from 0.5  to  1.0 in the initial step  of lysis of 
mitochondria,  without  changing  the  standard 
concentration  of  salts  in  the  sucrose  gradients, 
results in a  nearly complete disappearance  of the 
72S  peak  at  the  expense  of two  new  peaks  sedi- 
menting at 53S  and 37S  (Fig.  12  C).  In  contrast, 
cytoribosomes  obtained  with  a  DOC  to  protein 
ratio  of 2  remain  unaltered;  they  are  half disso- 
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FIGURE 3  Effect of MgCI2 concentration on the sedimentation profile of mitoribosomes and cytoribo- 
somes.  MItorabosomes  and  cytoribosomes  were  prepared  from  mitochondrial  and  postmitoehondrial 
extracts using a DOC to protein ratio of 0.5.  The ribosomes suspended in standard I~ITK medium were 
layered on linear 5-~0/°/o suerose gradients containing 1 m~a Tris-HCl, pH 7.4, 50 m~a KC1, and )eIgC12 at 
the speelfied concentrations and they were centrifuged for 90 min at 40,000 rpm in the Beckman Spineo 
SW .50 rotor at :t°C  For other conditions see Materials and MTethods. 
ciated  when  the  DOC  to  protein  ratio  reaches  a 
value of 4 
Dissociation of mammalian and microbIai ribo- 
somes  into  subunits  upon  decreasing  the  MgC12 
concentraUon in the suspension medium is a  well 
documented phenomenon (for reviews see TissiSres 
et al,  1959,  Petermann,  1964,  Spirin and  Gavri- 
Iova,  I969). C  utzlzs mltoribosomes prepared with 
a  DOC  to protein ratio of 0 5  are completely dis- 
sociated  into  50S  and  36S  subunits  when  the 
MgCI2  concentration  in  the  sucrose  gradient  is 
lowered from  5  to  0  1  m~a  (Fig  3  B).  Cytoribo- 
somes are comparatively much less sensitive to the 
MgCI~  concentration  since  thmr  complete  disso- 
ciation  into  6IS  and  378  subunits occurs  oniv at 
10  -~ M MgC12  (Fig. 3 D). 
Comparative Morphology of Mitoribosomes 
and Cytoribosomes 
)non O~RS.  Negatively  stained  mitoribo- 
somes from the 72S peak  prepared under standard 
conditions, glee oval and elongate profiles measur- 
ing about 265  X  210  X  200 A  (Fig.  4  and Table 
I).  Although  a  variety  of  forms  are  observed, 
several  of  them  are  predominant  and  charac- 
teristic.  Some  selected  examples  are  shown  m 
Fig  5. 
Form a,  relativelv rare, shows an oblong profile 
m  which  the  division  into  unequal  subunits  is 
clearly  suggested.  An  electron-opaque  line  is  ob- 
served perpendicular to the long axis, presumably 
corresponding to the cleft between large and small 
subunits  previously  observed  in  other  ribosomes 
The  subunits  visible  here  have  approximately 
similar widths 
Form b, which is frequently observed, shows oval 
profiles  with  an  electron-opaque  spot  located 
shghtly  off-center  The  contour  of  these  profiles 
suggests  a  partial  subdivision  into  unequal  sub- 
units, however, images clearly showing the spot do 
not display" the electron-opaque cleft 
Form c presents a kidney shape with one convex 
and  one  concave  side  The  two  halves  are  dis- 
similar,  one is smaller  and  has  angular  contours, 
the  other  is  larger  with  curved  contours.  An 
electron-opaque notch is placed submedially along 
the concave side, at the place where the two halves 
join  The  whole  figure  is  definitely  asymmetric 
and  enantlomorphic  images  can  be  found  with 
about equal frequency. 
Form d showing a  roughly circular outline with 
some straight edges and blunt angles is frequently 
observed. A  pentagonal outline can sometimes be 
discerned 
X~Ve interpret  forms  a  and  b  as  representing, 
respectively,  projections of the frontal and  dorsal 
faces  of the  particle.  The  enantiomorphic images 
of form c then represent projections of the  lateral 
faces of the particle viewed from directions at 90 ° 
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conditions. Forms a, b, c, and d (see text) are indicated. X  ~80,000. 
from the preceding ones in the plane perpendmular 
to the elongation of forms a  and b. Form c shows 
the  small  subunit  asymmetrically positioned  on 
the  large,  a  feature  which  produces  a  definite 
notch on the frontal face. It is likely that a  pene- 
tration of stain into the notch region can occur and 
that the notch region corresponds to the cleft ob- 
served  in  form a.  In  form  b,  where  a  complete 
474,  TI~E JOURNAL OF CEIL  BIOLOGY • VOLUME  54, 1972 cleft is not seen, the electron-opaque spot appears 
to  mark  the  boundary  between  subumts.  The 
frequency of form b  may  suggest a  predominant 
tendency  of  particles  to  orient  with  the  dorsal 
face against the grid surface. Form d is interpreted 
as  an end-on view of the mitonbosome m  which 
only one subunit, probably the large, is visible  A 
variety of images intermediate among  these four 
FIGURE 5  Selected unages of mitoribosomes. Examples of forms a, b, d, and of the two enantiomorph~c 
images of form c are shown. A  sehematm drawing accompanies each form. N  ~00,000. 
TABLE  I 
Dzmen~zons of 3l~torzbofomes and Cytor,bosomes (A) 
Axts 
measured 
Mlto-  961  4.  20  266  4-  18  262  4-  18  206  4.  22  214  4.  18  200  4.  15 
ribo- 
somes 
Cyto-  260  4-  14  262  4-  16  254  4.  17  229  4-  23  222  4-  17  208  4-  17 
ribo- 
somes 
All measurements were made at a magnification of X300,000  The error of measurement is expressed as 
the standard deviation. 
VIGNAIS, STEVENS, HUET, AND  ANDR~  Mitorlbosomesfrom  Candida utilis  475 FmuI~E 6  General vmw of a  field  of  negatively stained  eytoribosomes (78S).  Forms a,  b,  and  d  are 
indicated  Two enantiomorphic images of the lateral view c are indicated by arrows. Some smaller pro- 
files may represent free subunits. X  $80,000. 
476  Trot3 Jotm~gAL OF  C~LL BIoI,  oGY • VoLIJME 54,  197~ FIQTJRE 7  Selected images of cytonbosomes  Examples of forms a, b, d, and of the two enantiomorphm 
images of form c are sho,~.n  A partial subdivision in the small subunit is indicated by arrows  A schematic 
drawing accompanies each form.  )<  400,000. 
types  can  be found,  indicating a  number of pos- 
sible orientations of the particIes as  they  come  to 
rest on the gnd surface 
A  comparison  of cytoribosomes  with  mitoribo- 
somes reveals some minor differences (Figs.  6  and 
7)  Form  a,  showing  an  electron-opaque  cleft 
between the subumts, is also rare in cytoribosomes. 
In  these  images,  however,  the  small  subunit  is 
often shghtly wider than the large and it appears 
as an overhanging cap.  In form b,  the dense spot 
is less pronounced and the profile is more irregular 
than  in  mltoribosomes.  Occasionally,  there  is  an 
indication  of  a  subdivision  in  the  small  subunit 
(Fig.  7)  We have not been able to detect such an 
image for mitoribosomes 
The lateral views c are  entirely similar to those 
of mitoribosomes.  Again,  enantiomorphic  images 
can  be  found  (Fig.  6)  Form  d,  representing  an 
end-on view, is also wslble. 
A  comparison of the dimensions of cytorlbosomes 
with those of mltonbosomes dlscloses  little  signifi- 
cant  difference  (Table  I)  The  length  along  the 
long axis is close to 260 A, similar to that of mito- 
ribosomes  The width, measured m  forms a and b, is 
slightly  greater  in  cytoribosomes,  about  225  A 
compared  to 210 A  in mitoribosomes  The depth, 
measured  in  form  c,  is  again  similar  in  the  two 
particles,  about 200-208-A 
SUBU~'ITS  The  large  subumt  (50S)  of  mlto- 
nbosomes,  obtamed  by monosome  dissociation m 
0  1 m~  MgCI.-,  displays well-defined and  disunc- 
rive profiles  (Figs  8  and  9).  Two  principal views 
are observed. The most frequent shows a  rounded 
profile  beanng  a  knobhke  projection.  The  image 
is slightly asymmetric in that the knob is slanting 
on one side. The knob seems of finer texture than 
the rest of the particle  The other view of the large 
subunit is roughly  circular,  with some  suggestion 
of flattened  sides  and  a  pentagonal  outhne  The 
dimensions  of  the  subunit  are  about  t90  A  m 
diameter and about 245 A  in height, including the 
knob.  The knob has a  diameter of about 90 A 
VIG~AIs,  STEvens,  tt~r~T~ ~t~D A~D~I~  M~torzbosomesfrom Candida utilis  477 FxGva~ 8  General view of a  field of large mitoribo- 
somal  subunits  (50S).  Two  principal  forms  are  ob- 
served: rounded profiles bearing a  knoblike projection 
(k) and roughly circular profiles suggesting a pentagonal 
outline (p). X  ~80,000. 
X~OVRE 9  Selected images of 50S mitoribosomal sub- 
units showing the two principal forms and schematic 
drawings  of  each.  The knobbed particles are slightly 
asymmetrical.  X  400,000. 
478  THE  JOImNAL OF  CELL BIOLOGY • VOLUME  54, 197~ FIGVlUE 10  General view of a field of small mitoribo- 
somal  subunits  (86S).  Most  of  the  profiles  exhibit a 
triangular or arrowhead shape  (arrows).  The particle 
d is probably a dlmer. X  280,000. 
FIGVRE  11  Selected  images  of  86S  mitoribosomal 
subunits  showing  triangular  and  tetragonal  profiles 
with their schematic representations  X  400,000. 
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elongate  profiles  which  display  a  variety  of both 
angular  and  rounded  forms  (Figs.  10  and  11). 
One of these, a  triangular or "arrowhead"  shape, 
sbows a  pointed end clearly outlined by the uranyl 
stain  and  a  less  distinct,  flattened  base  Other 
profiles having four sides and blunt angles can be 
described  as  tetragons.  Finally,  profiles  with one 
convex  and  one  concave  or  flat  side  are  found. 
The length of this subunit is about 215 A  and its 
greatest  width  is  about  150  A.  The  variety  of 
image  types  observed indicates  a  great flexibility 
and a  tendency for deformation or poor preserva- 
tion during drying on the grid surface or another 
step  in  the  preparation.  Nevertheless,  from  the 
images obtained, we can tentatively assign a  three- 
dimensional shape  of an irregular tetrahedron 
The images obtained of the cytonbosomal sub- 
units  were  less  satisfactory  than  those  of  mito- 
ribosomal  subunits  Preparations  of  large  (61S) 
subunits  contained  slightly  flattened,  spherical 
profiles,  and  dome-shaped  profiles  No  images 
were  found  showing  a  prominent  knoblike  pro- 
jection  as  was  constantly  observed  in  the  large 
mitoribosomal  subunits.  Images  of  small  cyto- 
ribosomal  subunits  (37S)  were  unclear  and  sug- 
gested a  variety of elongated, angular shapes 
Effect of Cations on the Dissociation and 
Morphology of Ribosomal Particles 
Ghysen et al.  (1970) have recently reported that 
the  stability  of microbial  ribosomes  depends  not 
only  on  the Mg  2+  concentration but  also  on  the 
ratio of the mono- to the divalent cation concentra- 
tions to which they are exposed.  The same obser- 
vation  holds  for  C  utUzs  mitonbosomes  as  allus- 
trated  in  profiles  of Fig.  12  To  delineate  more 
sharply the effect of mono- and  divalent cattons, 
ribosomes  were  prepared  from  C.  utzhs  mtto- 
chondria with a DOC to protein ratio of 1 (instead 
of the standard value of 0 5),  and the concentra- 
72S  A =0.1 
°]7/  I  I/ 
0  KCI  /  ~  ,~  -'~  j  0  KCI  I  -  I  /  / 
kk J  X 'A  :  ,  o.  1 
I  90r~  KCl  i  /It  I  /  1300mMNH4  cl  /  I1 t  ~  O/ 
/  ;  '--/"-  / 
50r.MKO, It4  iS0OmM..~O, /iA  / 
A  7~s ozs  le 
iOmM"RRI5  lllmM TRIS  n  t  J~/ 
0  KCI  0  90mMKC,  L__l  Itl,uMMgO,7/M  465  [0/ 
FIGtTn~] 17  Effect of the xatio R  of monovalent ion concentration to magnesium ion concentration on 
the  sedimentation pattern  of  mitoribosomes and cytoribosomes.  Mitoribosomes were  prepared  from 
mitochondria, using a  DOC  to protein ratio of  1.  The mitoribosome suspension was  divided  into  in- 
dividual samples in which the ion concentrations (K+~ Tris  +, Mg  2+) were brought to definite and different 
values. Each ribosome sample was layered on a  5-70% sucrose gradient made in the same salt medium 
as that of the ribosome suspension and centrifuged at 40,000 l?m at 4°C (Beckman SW 50 Spinco rotor) 
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FIGURE 13  Effect of EDTA and KC1 concentration on the sedimentation pattern of mitoribosomes and 
eytoribosomes. The 5-0~0c'~ linear sucrose ga.adients  contained  Tris,  KCI,  and  EDTA at  the specified 
concentrations. Centrifugation conditions were as described in l~'ig 8. 
tion  ratio,  t(,  of  monovalent  cations  (K  +  and 
Tris  +)  to  the  divalent  cation  (Mg2+),  in  the 
sucrose gradient was vaned from i  to 1000. 
In Fig.  12 C where R  =  10, mitoribosomes were 
partially dissociated mto subunits  of 53S and  37S. 
Doubling  both  the  mono-  and  divalent  cation 
concentrations  and  maintaining  the ratio R  at  10 
did not alter the sedimentation profile (Fig.  12 B) 
In  contrast,  profile  A  where  R  equaled  1  was 
characterized  by a  major component sedimenting 
at 72S,  a  shoulder at 80S  (which will be discussed 
later),  and  a  minor peak  at  53S  Examination  m 
the  electron  microscope  of  the  72S  peak  reveals 
monosome  particles  similar  to  those  prepared 
under standard  conditions,  but the profiles appear 
more irregular and  the b form is more prominent. 
A  total  dissociation  of mitoribosomes into  sub- 
umts sedimenting at 50S and 36S was obtamed by 
raising R  to a  value of 100  (Fig.  I2 D)  A  similar 
profile  was  obtained  by  replacing  K +  by  NH~  + 
or  by  Na  +  and  keeping  the  value  of  R  at  100 
(Fig  12  E  and  F)  Although  the  sedimentation 
coefficient  of  dissociated  subunits  in  sucrose 
gradmnts  supplemented  with  K +,  Na  +,  or NH4  + 
was  independent  of the nature  of the  cation,  ob- 
servation  in  the  electron  microscope  revealed 
slight  differences  The  "NH4  +  subunits"  appear 
well  preserved  and  show  forms  mdistinguishable 
from  those  found  for  subunits  prepared  at  low 
MgC12 concentration,  the knob of the 50S subumt 
is clearly- present and the trianguIar and rounded- 
off  rectangular  forms  of  the  36S  subunit  are 
visible  The "K  +'" and "Na  + subunits"  show more 
heterogeneity and  are less distinct, some images of 
50S particles wKh knobs could be observed in the 
"K  +  subunits",  but  the  ':Na  +  50S  subunits" 
appear  to be more degraded 
The  mitoribosome  profiles  in  Fig  12  call  for 
two  other  remarks:  (a)  a  slight  shift  in  the  sedi- 
mentation  coefficient  of  mitoribosome  subunits 
accompanies  the  transition  from  partial  to  total 
dissociation (53S to 50S, 37S to 36S), no significant 
differences,  however,  in  either size or form could 
be  discerned  m  the  electron  microscope  between 
the 53S and  50S particles or between the 37S and 
36S particles,  (b)  the s]ze ratio of the 37S  peak  to 
the  53S  peak  departs  from  that  expected  on  the 
basis of an equimolar ratio of small and large sub- 
units,  at  low  R  values.  This  may  be  due  to  an 
artifactual  aggregation  of  homologous  mito- 
ribosome  subunits,  as  it  will  be  discussed  later. 
In  contrast  to  the  mitonbosome  profiles,  the 
cytoribosome profile obtained with a R  value of 10 
(Fig.  12 G) did not &splay any significans dissocia- 
tion.  A  partial  dissociation  of cytoribosomes  into 
particles  sedimentmg  at  62S,  46S,  and  36S  oc- 
curred for a  R  value of 1000  (Fig.  12 H). 
Whereas  the  concentration  ratio  of  mono-  to 
dlvalent canons obviously controls the dissociation 
of C  ut~l~s  mitorlbosomes into subumts,  the mono- 
valent  cation  concentrauon  by  itself,  m  the  ab- 
sence  of divalent  cations,  also  plays  a  significant 
role  m  the  stablhty  of  ribosomal  subumts,  as 
illustrated  with ribosomes  depleted of magnesium 
by  treatment  with  EDTA  (Fig  13)  The  ab- 
normally  low sedimentation  coefficients exhibited 
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partial  unfolding  of  ribosome  subunits,  as  ob- 
served with bacterial ribosomes  (Gavrilova et al., 
1966; Gesteland,  1966)  and mammalian ribosomes 
(Petermann  and  Pavlovec,  1969)  depleted  of 
magnesium,  or may  be  due  to  a  release  of ribo- 
somal proteins similar to that reported in the case 
of  bacterial  (Lerman  et  al,  1966,  Itoh  et  al., 
1968)  or mammalian  (Reboud  et al.,  1969;  Clegg 
and  Arnstein,  1970)  ribosomes  treated  with  high 
concentrations  of a  monovalent cation.  The great 
sensitivity of C.  utiIzs mitoribosomes  to  EDTA  as 
compared to the relative stability of cytoribosomes 
indicates  that  endogenous  magnesium  is  more 
critically involved in mitoribosomes than  in tyro- 
ribosomes  to  stabilize  their  structure 
The  "80S Mitoribosome" as a Dimer of the 
Large Subunit 
Departure  from  the  standard  conditions  of 
preparation  (decrease  of  DOC  concentration) 
and  sedimentation  of mitoribosomes  (increase  of 
MgCt2  in  the  sucrose  gradient)  may  lead  to  the 
appearance  of a  supplementary  peak  at  80S,  as 
illustrated  in  Fig.  14.  In  this  experiment,  ribo- 
somes were obtained  from yeast grown on uracil- 
14C  and  were  therefore  labeled  in  their  RNA 
components  The parallel between the absorbancy 
and  radioactivity  profiles  indicates  that  the  80S 
peak  arises  from  aggregation  of ribosomal  sub- 
units, and not from sticking of stripped proteins to 
preexisting ribosomes. 
For studying  the conditions of accumulation of 
the  80S  particle,  any  contamination  of mitoribo- 
somes  by  78S  cytoribosomes  must  be  carefully 
assessed.  This  was  the  aim  of  the  experiment 
shown in Fig  15,  in which 3ep cytoribosomes had 
been  first  added  to  unlabeled  mitochondria  and 
then washed away (cf.  legend Fig.  15).  The mito- 
ribosomes  extracted  thereafter  exhibited  two 
unlabeled  peaks  at  80S  and 72S  (Fig.  15 C). The 
cosedimentation  pattern of =2p cytoribosomes and 
unlabeled  mitoribosomes  (Fig.  15 B)  was charac- 
terized  by  two  absorbancy  peaks  (78S-80S  and 
72S)  and  one  radioactivity peak  in  the  78S-80S 
region  It is therefore obvious that  the  80S  peak, 
which incidentally appears on sedimentation  pro- 
files of mitoribosomes, is not due to contamination 
by  cytoribosomes  but  represents  genuine  mito- 
ribosomal material. 
Another  condition  favoring  the  accumulation 
of 80S  particles  is the  treatment  of mitochondria 
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FzGuaE 14  Effect of DOC and MgCI~ on the accumu- 
lation  of 80S  mitoribosomal particles.  The  mitoribo- 
somes  were  prepared  from  mitochondria  lysed  with 
either 0 5 mg or 1 mg of DOC per mg of mitochoudrial 
protein.  The  ribosomes suspended  in standard  MTK 
medium were layered on linear 5-~0% sucrose gradients 
containing  ]  m~ Tris-HC1,  pit  7.4,  50 m~ KC1,  and 
MgCI~ at the specified  concentrations.  Centrifugation 
conditions were as described in Fig. 3. 
by  puromycin  before  extraction  of  mitoribo- 
somes. 
Electron  microscope  observations  of the  mate- 
rial corresponding  to  the  80S  peak  show a  great 
number  of twin particles,  each pair  consisting  of 
two  roughly  spherical  profiles  closely  attached. 
The measurements of the dimers are about 320 A 
in length and about  180 A  in width. These dimen- 
sions  are  consistent  with  the  hypothesis  that  the 
dimers represent attachment  of two 50S  subunits, 
the diameter of which is close to  200 A  if we ex- 
clude the knob.  The slightly diminished diameter 
may signify a  loss of superficial proteins. 
Evidence  for  the  artifactual  dimerization  of 
mitoribosomal subunits  at high MgCle concentra- 
Uon  is  provided  by  the  experiment  described  in 
Fig.  16 and carried out with subunits labeled with 
uracilA4C.  In  particular,  it  is  seen  that  the  50S 
subunit  gives rise to  two new  species  of particles 
sedimenting  at  69S  and  80S  when  centrifuged 
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FIGURE  15  Cosedimentations  of  32P-labeled  eyto- 
ribosomes  with  unlabeIed  mitoribosomes  through 
sucrose gradients. ~2I' eytoribosomes were isolated from 
yeast cells grown in a  ~eP~-supplemented  medium  (A) 
On the other hand,  mitoehondria were prepared  from 
unlabeled yeast and mixed with the 32p eytoribosomes 
in the proportion of about 4:1 as measured by absorb- 
aney at  260  mm  (B).  To  eliminate the  contaminant 
cytorihosomes, the '~eontaminated" mitoehondria were 
washed three times by sedimentation at 6,000 g for 15 
mm and  resuspended  once with  0.6  ~  mannitol~  ~,~/o 
bovine serum albumin  (BSA),  and  1 m~ EDTA, and 
twice with 0.6 ~  mannitol and ~% BSA (C)  Mitoribo- 
somes were extracted from contaminated (B)  and "de- 
contaminated"  (C)  mitoehondria by using a  DOC to 
protein  ratio  of  0.5  and  layered  on  a  5-o~0% hnear 
sucrose gradient made in 10 m~ Tris-tlC1, pit 7.4,  and 
10 m~ MgC12. Conditions of eentrifugation as in Fig. S. 
through  a  sucrose  gradient  supplemented  with 
20 m~ MgCI2.  In a  similar way,  the 36S subunit 
aggregates into 58S particles  Electron microscope 
observation  of the  80S  component reveals closely 
paired  particles  of  the  50S  type  (Fig.  17)  and 
establishes  that  the 80S particle  corresponds  to  a 
50S  dimer.  These  paired  particles  are  simiIar  in 
form  and  dimensions  (about  316  X  165  A)  to 
those described above. It must be noted, however, 
that  the knobs,  which  are regularly found  on the 
isolated 50S subunit,  are never visible m  the pairs 
Release  of some surface proteins  from 80S  dimer 
particles  without  alteration  of  their  RNA-14C 
material  may  result  in  the  slower  69S  particles, 
apparently  more  radioactive  than  the  80S  par- 
ticles. 
The  above mentioned  data  on  dimerization  of 
mitoribosomal  subunits  are  in  agreement  with 
reports  that  high  concentrations  of  1V[gC12 pro- 
mote the dimerization of small subunits  of hepatic 
ribosomes  (Tashiro  and  Siekevitz,  1965  a)  and  of 
large  subunits  of  EscheKchia coli (Huxley  and 
Zubay,  1960). 
Buoyant Densities of Mitoribosornes 
and Cytoribosomes 
The  physical  propernes  of  intra-  and  extra- 
mitochondrial  ribosomes  from  C.  utilis were 
further  characterized  by  determining  their buoy- 
ant  densities  after  fixation  with  glutaraldehyde. 
As  shown  m  Fig.  18  mitoribosomes  exhibited  a 
single densi  W band at p  =  1 48 and cytoribosomes 
a  distinct peak at p  =  1 53.  In two other experi- 
ments  the  density  values  of mitoribosomes  were 
found  to be  1.48  and  1.49  and  those  of cytoribo- 
somes  1.53  and  1.54.  The  lower density  of mito- 
ribosomes cannot be accounted for by contamina- 
tion  with  mitochondrial  membrane  fragments 
since isolated mitoribosomes are characterized  by 
a  high  ratio  (1.82-1.83)  of  260 to  280  nm  ab- 
sorbancy  and  since  the  fractions  appear  homo- 
geneous in the electron microscope. 
An approximate value of the weight per cent of 
RNA in ribosomes was calculated by the formula 
of Perry and Kelley (1966).  Taking  1.90 and  1.25 
for the density of RNA and protein,  respectively, 
and  neglecting the differences in density  of mito- 
ribosomal  and  cytoribosomal  RNA  which  may 
arise from differences in base  composition,  it was 
estimated  that  the  78S  cytoribosome  contains 
about  55%  RNA whereas  the  72S  mitoribosome 
contains only 46 %  RNA. 
R2C4 Species of M itoribosomes 
and Cytoribosomes 
As  shown  in  Fig  19,  RNA  components  ex- 
tracted  from  C.  utdis mitoribosomes  and  cyto- 
ribosomes  can  be  easily  differentiated  by  their 
sedimentation  properties  m  a  sucrose  gradient. 
In  a  MgCle-supplemented  sucrose  gradient, 
taking  as  reference tlle 29S  and  18S  RNA of rat 
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~IGURE 16  Effects  of high MgCI~  concentration  on the sedimentation profile of 50S  and  36S  mito- 
mbosomal subunits. Mitoribosomal subunits labeled by uracilJ4C were prepared by dissociation of~4C  mito- 
ribosomes in 50 mM KC],  1 mM Tris-HCl, pH 7.4, and 0 1 mM MgC12,  and separated by centrifugation 
through  linear 5-~0%  sucrose gradients made in the above saline medium.  The pooled fraction.s  (,36S 
and 50S subunits) were mixed with an equal volume of ~0 mM Tris-HC1 and ~0 m~ MgC12, and pelleted 
by high speed centrifugation  The particles were resuspended in  .o0 "m~ MgCle, 50  m~  :KCL,  and  1 
m~ Tris-tICI, pH 7 ~t, and centrifuged through linear 5-~0V~o sucrose gradmnts made in the same saline 
medium. 
hver  cytoribosomes  (Kfintzel  and  Noll,  t967, 
Splrin  and  Gavrilova,  1969),  the  following  sedi- 
mentation  coefficients  were  obtained:  23S  and 
19S  for  mitoribosomal  RNA,  27S  and  17 5S  for 
cytoribosomal  RNA.  In  MgC12-supplemented 
sucrose  gradients,  mitoribosomal RNA displays  a 
supplementary  peak  at  28S  and  cytoribosomal 
RNA  a  shoulder  at  32S  It  is  hkely  that  these 
faster  sedimenting  RNA  result  from  a  Mg  ~+- 
induced  aggregation  of  lower  molecular  weight 
RNA.  When  MgC12  m  the  sucrose  gradient  was 
replaced  by  EDTA,  lower  sedimentation  coeffi- 
cients  were  obtained  21S  and  16S  for mitoribo- 
somal RNA, 25S and  17S for cytoribosomal RNA. 
The  marked  increase  of the  sedimentation  coeffi- 
cmnts  of mitoribosomal  and  cytoribosomal  RNA 
upon addition of MgCle (except in the case of the 
17S cytoribosomal RNA)  may be due to a  transi- 
tion  towards  a  more  compact  configuration  as 
postulated  by Loening (1969). 
The  empirical  equation  M  =  KS ~  (Gierer, 
1958;  Spirin,  1961)  was  used  to  calculate  the 
molecular  weights  M  of C  utzlis RNA  from  the 
sedimentation  coefficients S  K  and  oz were calcu- 
lated  from  sedimentation  data  of  mammalian 
cytoribosomal  RNA  (Table  II  of  Spirin  and 
Gavrtlova,  1969)  and  found  to  be,  K  =  5 8  X 
I 0 ~ and a  =  1 70 for MgC12-supplemented  gradi- 
ent,  K  =  3.3  X  108  andoz  =  195  for  EDTA- 
supplemented  gradient.  The  molecular  weights 
of C.  utihs RNA derived from sedimentation  data 
m  MgC12-supplemented  gradients  were,  1 58  X 
l0 G and  076  X  106  for the  27S  and  175S  cyto- 
ribosomal  RNA,  1 26  X  106  and  083  X  106 
for  the  23S  and  19S  mitoribosomal  RNA.  The 
sedimentation  data  in  EDTA-supplemented  gra- 
dients yielded molecular weight values of 1 67  X 
106 and 0.80  X  I06 for the 25S and  17S cytoribo- 
somal RNA,  1.21  X  106  and  0.71  X  106 for the 
21S  and  16S  mitoribosomal RNA  Differences in 
the  calculated  values  of  molecular  weight  (es- 
pecially  in  the  case  of  the  small  mitoribosomal 
RNA)  may  arise  from  RNA-RNA  interactions 
which  are  known  to  be  enhanced  by  MgCI~ 
(Sporn  and  Dingman,  1963;  Watson,  1964, 
Stanley and Bock,  1965). 
To  decide whether  the  21S  and  16S  mitoribo- 
somal  RNA  species  belong  to  the  50S  and  36S 
subunits,  respectively,  the  RNAJ~C  component 
of  each  mitonbosomal  subunit  labeled  with 
uracilJ4C was  extracted  as detailed in the legend 
of Fig. 20,  and  characterized by its sedimentation 
profile.  As  shown  in  Fig.  20,  the  RNA-14C  ob- 
tained  from  the  50S  particles  sediments  at  22S- 
484  T~n  JonaN.~.L oF CELL BIOLOGY " VO~V~E 5~, 197~ FIOURE 17  General view of a  pieparahon from the 80S peak obtained  by resuspension  of 50S subunits 
in o.0 m~t NIgCI~  The majority of the material consists  of dimers formed by closely paired  particles 
of the 50S tsnpe which, however, lack the knob.  X ~80,000 
23S whereas that obtained from the 36S particles 
sediments at  18S  Consequently, it is inferred that 
the  50S  and  36S  mltoribosomal  particles  are 
two distinct subunits  obtained  by  dissociation  of 
the 72S  monosome. 
Base Composition of Ribosomal RNA 
Data  in  Table  II  show  that  the  (G  +  C)/' 
(A  +  U) ratio is close to 0 5 for the  16S and 21S 
mltoribosomal  RNA  and  to  I  for  the  25S  and 
t7S  cytoribosomal  RNA  from  C.  utzlzs  Similar 
differences have been found between the cytoribo- 
somal  and  the  mitochondrial  RNA  in  Saccha~o- 
m)'ces ce~ev2r~ae (Fauman et al, 1969, NIorimoto and 
Halvotson,  1971),  Neurospora cra~sa (Kfintzel and 
Noll,  1967,  Rifkln  et  ai,  1967),  Tetrahymcna 
py~zform~s  (Chi  and  Suyama,  1970),  Aspergzllus 
nidulans  (Edelman  et  al,  1970, 1971),  and  also 
in  higher  organisms  (Vesco  and  Penman,  1969, 
Bartoov et  al.,  I970,  Dubm  and  Montenecourt, 
1970,  Montenecourt et al,  1970). 
Chloramphenicd-Sensitive  Protein Synthesis 
at fhe Level of Mi/oribosomes 
~iitochondrial and cvtoplasmic protein synthe- 
sis  can  be  differentiated  by  their  sensitivity  to 
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I~OV~E 18  CsC1 density gradient centrifugation of 
eytoribosomes and mitoribosomes,  laC eytoribosomes 
and 14C mitoribosomes fixed  by glutaraldehyde were 
layered on preformed gradients and centrifuged for 10 
hr at 35,000 rpm in the Beckman Spinco SW 30 rotor 
at 4°C as described in Materials and Methods. Densities 
were calculated from the refractive indices. 
chloramphenicoI  and  cycloheximide.  Whereas 
chloramphenicol is  a  potent inhibitor of protein 
synthesis  in  isolated  mitochondria,  but  has  no 
effect on the activity of the cytoplasmic ribosomes 
in  eukaryotes  (Mager,  1960;  Wheeldon  and 
Lehninger,  1966;  Kroon  and  Jansen,  1968), 
tile reverse is true for cycloheximide (Beattie et al., 
1967; Lamb et aI,  1968, Linnane, 1968; Loeb and 
Hubby,  1968)  On  the  other  hand,  acriflavine, 
which  inhibits protein  synthesis  in  mltochondna 
but not in bacteria, has been proposed to monitor 
the bacterial contamination (Kroon et al.,  1968). 
Data  in  Table  III  show  the  extent  of leucine- 
140  incorporation  into  the  proteins  of  C.  util~s 
mitochondria in the presence of the  above  men- 
tioned  antibiotics  As  expected,  the  leucineJ4C 
incorporation is highly sensitive to chlorampheni- 
col and unaltered by cycloheximide  The partial 
resistance  to  acriflavine  is  accounted  for  by  an 
inescapable  bacterial  contamination.  Actually 
the contamination was found to be less than 5  X 
103 bacteria per ml of incubation medium. 
When mitoribosomes are extracted  from  mito- 
chondria  immediately  after  incubation  with 
leucineJ4C  and  analyzed  by sedimentation on  a 
sucrose  gradient,  they  exhibit  a  major  peak  of 
radioactivity at  72S  (Fig.  21),  which  reflects  the 
binding  to  monoribosomes  of 14C  nascent  poly- 
peptide  chains  Chloramphenicol  prevents  the 
IeucineJ4C  incorporation.  On  the  other  hand, 
addition of puromycin, subsequent to the incuba- 
RNA  from MITORIBOSOMES  ~.  RNA  from  CYTORIBOSOMES 
/ 
± 
21S  A=0.1 
Fmm¢E 19  Sucrose gradient centrifugatiou of RNA extracted from mitoribosomes or from cytoribosomes. 
R?ffA was extracted from isolated mltol4bosomes and cytoribosomes as described in Materials and Meth- 
ods and layered on linear 5-~0~o sucrose  gradients made in 1 mr~ ~l¥is-HC1, pH 7.4 and, either ~ mM 
EDTA or 1 m~ MgC12, as specified in the figure.  Centrifugation was performed at 40,000 rpm for 5 hr 
in the Beckman Spinco SW 50 rotor at 4°C. 
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FRACTION  NUMBER 
FmtmE ~0.  Sedimentation patte,'ns of RNA extracted 
from mitmibosomal 50S and  86S  subunits. Mitoribo- 
somes labeled by uraeilJ4C were dissociated into sub- 
units by suspension in  10  m~a  Tns,  800  m~I  NH4C1, 
and 8  mM MgCl2.  Mereaptoethanol was added to a 
final concentration of 0.1  .~ [o lower the mbonuclesse 
activity.  After  centrifugatmn  through  llnear  sucrose 
gradients made in the same saline medmm, fractions 
corresponding to each ribosomal subunit were pooled 
and mixed with bentonite (about 1 rag, ml) and poly- 
vinylsulfate  (gO  /zg/ml).  They  were &luted  with  an 
equal volume of ethanol and o vol of 10 m~ Tris-HC1, 
pH 7.4 and 10 m~ 2VIgC12, then centrifuged for 80 mln 
at  48,000  rpm in a  Beckman SW 50  Spinco rotor at 
4°C.  The  RNAJ~C  was  immediately extracted from 
the  mitoribosome subunits.  The  pellet in  each  tube 
was  resuspended m  ~200 #l  of  a  mixture  of  10  mM 
MgCI2,  10  m~  Tns,  pH  7 4,  and  5,c'o diethylpyro- 
carbonate and lysed by o.~o SDS for 1 min at  ~20°C. 
After clarification by a  centrlfugation of ~ min in an 
Eppendorf centrifuge (Nctheler Hinz, Hamburg, Ger- 
many),  the  lysate, containing the 14C  mitoribosomal 
RNA, was  mixed  with  unlabeled  cytoplasmic  RNA 
(conesponding to an absorbancy of about  5  in a  vol- 
ume of 100/~l),  layered on top  of  a  5-~0% linear su- 
crose gradient made in 1 mM Tris, pH 7.zI and 1 m~ 
MgCI2 and centrifuged  for 5 hr at 40,000 rpm in a Beck- 
man  SW  50  rotor  at  4°C.  The  absorbancy  profile 
corresponds  to  the  mixture  of  cytoribosomal  and 
mitoribosoma.1  RN'A  whereas  the  radioactivity pro- 
file only corresponds to the mltorlbosomal RNA. 
don of mitochondria with IeucineJ4C, results in a 
release  of radioactive  polypeptides recovered  on 
top  of the  sucrose  gradient  after  centrifugation. 
TABLE II 
Ba~e ComiLosttlon of  RNA  E~tracted from  .~lato- 
rzboaomes and  Cytotzbosomes from  CandMa utzl*s 
C~tortbosomM  Mttorxbosomal 
RNA  RNA 
Exp  17S  25S  16S  21S 
UMP  1  25  7  24  4  32.3  29  7 
2  25  0  25.0  33.6  32  5 
AMP  1  24  8  23.7  34  1  34.2 
2  25  2  24  7  34.9  34.1 
GMP  1  28.2  30  3  19  8  20  8 
2  27  7  30  0  18.8  20.6 
CMP  1  21  3  2t  6  13  8  15.3 
2  22.1  20  3  12  7  12.8 
For the study of the base composEmn of ribosomal 
RNA,  C.  utzlzs was  grown  m  a  phosphate-a2P  - 
supplemented  medium  The  a2p-labeled  RNA 
species  were  extracted  from  mitoribosomes  and 
from cytoribosomes as described m  Matermls and 
Methods  and  separated  by  centrifugation  in  a 
5-20% linear sucrose gradient made in 1 mM Tris- 
HC1,  pH 7.4,  50  mM KCI,  and 2  mM  EDTA  The 
sucrose fractions corresponding to the absorbancy 
peaks were collected and pooled  The RNA present 
in  these fractions was precipitated by adding 0.1 
vol  of  1  ~a  potassium acetate  and  3  vol  of  95% 
ethanol  in  the  presence  of 0.5  nag  of unlabeled 
yeast RNA, and hvdrolyzed into nueleotides  The 
nucleotlde content of RNA is expressed as per cent 
of total phosphorus-a2P. 
DISCUSSION 
Chemical Characterization of Candida 
utiIis Mitoribosomes 
Although  in  many  reports,  isolated  mitoribo- 
somes  have  been  convincingly  proven  to  differ 
from  their  cytoplasmic counterparts  by  physical 
properties  such  as  the  sedimentation  coefficmnt 
and the susceptibility to dissociation into subunits, 
their chemical characterization m  terms of specific 
RNA species has not often been critically examined 
(see  review in  Rabinowitz  and  Swift,  I970).  In 
fact, it usually is implicitly admitted that the high 
molecular  weight  RNA  components  extracted 
from  whole  mitochondria  are  mitoribosomal 
RNA. Although this statement is most likely valid, 
it may lead to erroneous conclusions  For instance, 
the  question  has  recently  been  posed  (Malkin, 
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Effect  of  Chloramphenwol,  Cyclohexzmzde,  and 
Aerzflavme  on Leucine-uC Incorporatzon by Whole 
Yeast Mztoehondrza 
Incorporated  lnhl- 
Exp  leucme-14C  bmon 
cpm  % 
Control  6640  -- 
Chloramphenicol  100  99 
Acriflavine  1280  81 
2  Control  7800  -- 
Cycloheximide  7950  0 
Mttochondria  (1.5 mg protein)  in  1 ml of 100 mM 
mannitol,  5  mM  KH2PO4,  6  mM  MgC12,  40  m~t 
Tris, pH  7.2,  and  1  mM  EDTA  were  preincubated 
for 2  Iron  either with  1 6  m~  chloramphenicol,  0.5 
mM  cyclohexirrade,  or  6  gg  acriflavme/mg  pro- 
tein.  Incubation  at  25°C  was  started  by  the 
addition of 0.2 /~Ci leucine-14C,  1  m~a ATP,  25 lug 
oligomycin, 5 mM phosphoenolpyruvate, and 25/~g 
pyruvate  kinase  It  was  ended  after  10  rain  by 
addition of 7 ml of 7% TCA in 95% ethanol  The 
radioactivity  of  the  sediment  was  determined  as 
described  in Materials  and Methods 
1971)  as to whether the species of RNA extracted 
from crude mitochondrial preparations of rat liver 
and sedimenting at 20S and 22S are not degrada- 
tion  products  of contaminant cytoribosomal  28S 
RNA.  In  the  present work,  mitoribosomal RNA 
has  been  extracted  directly  from  purified  mito- 
ribosomes  We  have  furthermore  identified  the 
RNA species contained in the large and small sub- 
units  of these  mitoribosomes;  the  low  molecular 
weight  RNA  (16S-19S)  is  specific  of  the  36S 
mitoribosomal  subunit  and  the  high  molecular 
weight RNA  (21S-23S)  of the 50S subunit  Since 
both subunits are  obtained by dissociation of the 
72S  mitonbosome,  it  is  concluded  that  the  72S 
ribosome  is  the  monomer  form  of  the  mltoribo- 
some.  This  view  is  corroborated  by  the  finding 
that  nascent  polypeptide  chains  are  recovered 
with  the  72S  partmles  after  centrifugation  on 
sucrose gradients. 
Size and  Shape  of Mitoribosomes 
A  survey of data  concerning the sedimentation 
coefficients  of  mitoribosomes  from  various  or- 
ganisms  points  to  a  similarity  in  size  between 
mitoribosomes  from  several  fungi  and  bactemal 
ribosomes  (70S,  Tissi~res  et  al.,  1959).  Among 
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~XIGURE ~1  Sedimentation analysis  of mitoribosomes 
as  protein  synthesizing  particles,  effeet  of  puro- 
myein  and  ehloramphenieol.  Mitoehondria  (80  mg 
protein)  were  ineubated  at  o~5°C in  the  leueine-14C 
medium  (0.8  gCi/ml)  deseribed in Table III.  After a 
5  rain incubation period,  the suspension was  divided 
into two fractions. The first was incubated for another 
5 min at ~5  ° C with 0.4 mlvi  puromyein, the otherwas the 
eontrol. A parMM incubation for 10 min at $5°C  was 
earried  out  with  80  mg  mitochondria,  m  the  same 
leueine-14C  medium supplemented with 1.6 m~ ehlor- 
amphenieol.  After  incubation,  the  three  different 
mitoehondrial  suspensions  were  centrifuged,  washed 
with  100  ml  of  cold 0.65  M mannitol,  and  lysed  by 
deoxyeholate to prepare mitoribosomes  (DOC/protem 
ratio  =  0.5).  Centrifugation of  mitoribosomes  on 5- 
$0% linear sucrose gradients made in 1 mM Tris-HC1, 
pH 7.4, 50 m~ KCI, and 5 mM MgC12 was carried out 
as described in l~ig. 8. 
the  more  relevant vaIues,  the  following  may  be 
quoted,  73S in N. crassa (Ktintzel and Noll,  1967; 
Ktintzel, 1969), 72S in S. cerevzs~ae (Scbmitt, 1970), 
74S  in S.  car[sbergens~  (Gnvell et  al,  1971),  67S 
in A  nzdulans (Edelman et al,  1970; 67S was also 
found  for  E  coh  ribosomes  in  this  latter  study) 
These values are close to that found in the present 
work on C  ut~Izs (72S).  On the other hand, some- 
what  diverse  vaIues  have  been  reported,  81S  in 
Neurospora  (Rifkin  et  al,  1967)  and  75S--80S  in 
several yeasts (Vignais et al,  1969, Schmitt,  1969, 
Stegeman et at,  1970, Morimoto and Halvorson, 
1971)  Taking tile 72S-74S value as representative 
4,88  THE  JOIIRI,~AL OF  CELL BIOLOGY - VOLI~ME  54, 197°~ of  the  fungaI group,  these  mkoribosomes  stand 
intermediate in size between those of T. pyriformis 
which sediment at 80S  (Chi and Suyama,  1970) 
and  those  of  higher  organisms  In  the  latter, 
values of 60S  have  been found in Xetzopus  laevzs 
(Swanson and  Dawid,  1970),  50S-55S  in chick, 
rat, and other mammals (O'Brien and Kalf, 1967; 
Ashwell and Work,  1970 b, Rabbitts and Work, 
I971,  O'Brien,  1971) and  55S-61S  in  HeLa 
cells  (Brega and Vesco,  1971, Attardl and Ojala, 
I971,  Houssais,  1971).  Higher  values,  however, 
have  also  been  reported  in  mammalian  cells. 
Perlman  and  Penman  (1970)  have  described  a 
95S  particle  from  HeLa  mitochondria which  is 
active in protein synthesis and contams  12S  and 
21S  RNA,  this parucle may be  considered as  a 
native monomeric structure. Eladari et al  (1971) 
have  isolated  ribosomal particles  from  rat  liver 
mitochondria having a  sedimentation coefficient 
of 83S compared to 80S for cytoribosomes 
Electron microscope data point to the similarity 
in size  of mitoribosomes and cytoribosomes from 
C  utdis.  For  comparison,  molecular weights  of 
mitoribosomes  and  cytoribosomes  have  been 
roughly estimated from their content in RNA and 
the molecular weights of the RNA  Since, as dis- 
cussed  above,  RNA-RNA interactions are  mini- 
mized by EDTA, RNA molecular weight values 
used for this calculation were taken from the data 
of sedlmentauon in EDTA-supplemented sucrose 
gradmnts Assuming that there is only one molecule 
of  RNA  per  ribosomal  subunit,  the  molecular 
weights  of the  50S  and  36S  mitoribosomal sub- 
units are tentatively approximated at 2 47  X  106 
and 1 69  X  106, respectively, and that of the 72S 
mltoribosomaI monomer at 4 16  X  106  The same 
type  of calculation applied  to  the  cytoribosome 
results in a molecular weight of 4.49  X  106 for the 
78S  cytoribosomal monomer.  It  is  evident  that 
such  caiculations should  only  be  taken  as  esti- 
mates 
The  morphological features  of yeast  mitoribo- 
somes  have  also  been  described  in  the  present 
study. The monosome appears as an asymmetric, 
elongate particle formed of two unequal subunits 
A number of characteristic forms (a, b, c, d) were 
observed  in  negatively  stained  preparations. 
Recently,  Nonomura  et  al  (1971)  have  estab- 
lished  that  all principal profiles  observed  in Tat 
liver ribosomes could be interconverted by Ultmg 
the  specimen and  could  be  accounted for  by  a 
single three-dimensional model  We  have  made 
use of their conclusion and have interpreted forms 
a, b, c, and d by the model shown in Fig. 22  The 
mitombosome depicted shows  a  roughly spherical 
large  subumt,  shghtly flattened  along the  plane 
adjacent to the small subunit and presenting some 
straightened edges  in its lateral profile  The small 
subunit is  shown  as  a  prolate  body  positioned 
toward one side of the flattened surface of the large 
subunit An off-center depression along the plane 
joining the  two  subunits,  corresponding  to  the 
dense spot  observed,  is  prominent on  the  dorsal 
face and less apparent on the frontal face 
Comparison  of  our  images  and  model  with 
those of a variety of other ribosomes including the 
cytonbosomes of yeast discloses an over-all general 
resemblance.  An  electron-opaque  cleft  dividing 
the parucle into unequal subunits has often been 
described, namely in bacterial ribosomes (Huxley 
and Zubay,  1960,  Bruskov and Kiselev, 1968 a), 
in  rat  liver  cytoribosomes  (Nonomura  et  al, 
1971), and in chloroplast ribosomes (Miller et al, 
1966, Bruskov and Odintsova, 1968). An electron- 
opaque  spot,  noted  by  Bruskov  and  Kiselev 
(1968  a  and b)  and by Nonomura et al.  (1971), 
is interpreted bv these authors as corresponding to 
an internal channel traversing the particle at the 
level of the plane between the subumts The dense 
spot  which  we  have  observed  in  an  off-center 
position in both mlto- and cytoribosomes of yeast 
presumably- conforms to a similar internal channel 
The  displaced  position of  the  small  subunit on 
the  large  is  cleaily shown  by  Nonomura et  al 
(1971);  again,  lateral  views  of  yeast  cyto-  and 
mltoribosomes display very similar images. 
Despite these clear resemblances between mito- 
ribosomes  and  other  ribosomes,  some  minor 
features  distingmsh  mitonbosomes  from  c~'to- 
somes  In particular,  the  partition of the  small 
subunit, shown by Shelton and Kuff (1966)  and 
Nonomura  et  al  (i971)  in  mammahan  cyto- 
ribosomes  and  occasionally observed  in C.  utdzs 
cvtorihosomes,  appears  to  be  absent  in  mito- 
ribosomes  In addition, the small subumt in cyto- 
ribosomes  is  wider  than  the  large  subunit,  a 
feature not seen in mitonbosomes. Measurements 
comparing mito- and cytonbosomes also show  a 
shghtly greater width, in forms a  and b,  of cyto- 
ribosomes. 
It is at the level of isolated mitonbosomal sub- 
units,  however,  that  striking  differences  from 
cytoribosomes,  along  with  clear  similarities  to 
bacterial  ribosomes,  are  found  The  50S  mito- 
ribosomal subunit, bearing a  disunctive knob,  is 
clearly reminiscent of  the  50S  bacterial subunit 
VIGNAIS, STEVENS, HUET, AND ANDI~  Milor~bosornes  front Candda utilis  439 FiaunE ~2  Photograph  of three-dimensional models of mitoribosomal monomers  (7~S)  and subunits 
(36S and 50S), The 86S subunit  (upper right) is shown as an irregular tetrahedron, producing triangular 
and tetragonal profiles and as a prolate body, providing a rounded-off rectangular image. The 50S subunit 
(upper left) is shown as a rounded particle bearing a knob. In an end view, the particle shows a roughly 
pentagonal outline. The monomer is shown in frontal (a),  dorsal (b), and lateral (c) views, from left to 
right. The lateral view shows the small subunit positioned toward one side of the flattened sm'face of the 
large subunit, producing the notch visible on the frontal face. The dorsal view shows a depression along 
the plane joining the suhunits, corresponding to the dense spot observed in form b. 
which  also  bears a  projection,  termed  "nose"  by 
Lubin  (1968).  Our  model  of  the  50S  subunit 
approaches that proposed by this author and views 
similar to his crescent,  slit, and nose views can be 
found  in  our  preparations,  although  the  nose  or 
knob  view is predominant.  At variance,  the large 
subunit  of cytoribosomes has been shown to have 
a dome or skiff shape (Bruskov and Kiselev, 1968 b; 
Nonomura et aL,  1971) but no knoblike projection 
has so far been shown. 
Images similar to the triangular and  tetragonal 
views of the  36S  subunits  were  shown  by Klein- 
schmidt  (1970)  of  bacterial  small  subunits  and 
similar  images  are  seen  in  the  study  by  Lubin 
(1968).  These preparations  all show more hetero- 
geneity in the small subunits  and  the absence of a 
definite  partition  compared  to  those  shown  by 
Nonomura et al. (1971) of cytoribosomes. Whether 
such  differences reflect varying degrees of preser- 
ration  or  actual  morphological  dissimilarities 
cannot be decided.  In any case, it was noted that 
the characteristic views of mitoribosomal subumts 
were  found  following  monosome  dissociation  by 
either low tV[g  ~+ or high NH4  +  concentrations 
Artifactual Dimerization  of Subunits 
To  our knowledge,  the  artifactual  aggregation 
of mitoribosomal subunits has never been assessed 
in  the evaluation of the sedimentation  coefficient 
of mitoribosomes. Evidence has been presented in 
this  paper  that  the  dimerization  of  the  large 
mitoribosomal  subnnits  into  80S  particles  spon- 
taneously occurs in the presence of MgC12. 
Schmitt  (1970,  1971)  has  recently described  in 
S.  cerevisiae a  special  class  of  80S  cytoribosomes 
bound  to  mitochondrial  membranes  and  more 
resistant  to  dissociation  than  free  cytoribosomes 
490  THE JOURNAL OF CELL BIOLO~r • VOLUME  54, 1972 Their  properties  are  clearly  different  from  the 
80S  mitoribosomal  particles  described  here 
72S Mitoribosomes  as Functional  Units  in 
Mitochondrial  Protein  Synthesis 
The  conclusion  that  the  72S  nucleoprotein 
particles  isolated  from  C  utzlts  mitochondria  are 
the functional  units  involved in  protein  synthesis 
is based  on several hnes of evidence:  (a)  Purified 
mltochondria  are  able  to  carry  out  protein  syn- 
thesis  which  is  sensitive  to  chloramphenicoI  and 
insensiUve  to  cycloheximide,  a  result  whmh 
points  to  a  specific mitochondrial protein  synthe- 
sis system.  (b) Sedimentation of the mitoribosomal 
material  prepared  from  mitochondria  preincu- 
bated  with  leucine-l~C  shows  a  peak  of  nascent 
I4C  peptide  which  cosediments  with  the  72S 
monomer  form  of  mitoribosomes  The  bound 
~aC pepfide  material  is released  upon addition  of 
puromycin,  in agreement with the statement that 
the 14C peptide was originally attached to a  ribo- 
somal structure  (c)  Dissociation of mitonbosomes 
into subunits leads to the release of the laC peptide 
as  sotuble  material.  It  is  inferred  that  the  72S 
particles  to  which  the  14C  peptide  chains  are 
attached  are  monosomes,  a  situation  which  may 
be compared to  that of guinea pig liver cytoribo- 
somes,  as  reported  by-  Tashiro  and  Siekevitz 
(1965  b)  (d)  The  structural  organization  of 
mitoribosomes within mitochondria,  as polysomes 
attached to the inner face of the inner membrane, 
is  reminiscent  of  the  cytoplasmic  polyribosome 
organization  on  ergastoplasmic  membranes  The 
localization of mitoribosomes on the mitochondrial 
membranes together with the observation that the 
protein  material  which  is  synthesized  by  mito- 
chondria  is  water  insoluble  (Wheeldon  and 
Lehninger,  1966),  are  in  accordance  with  the 
suggestion  that  the  mitochondrial  ribosomes  are 
involved in the synthesis or the renewal of one or 
some mitochondrial membrane proteins. 
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